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Abstract 
The damage resistance of multilayer oxide coatings on glass used for optical applications often 
depends on contact damage and the stress generation and relaxation mechanisms during coating 
deposition and subsequent application. Whereas it is relatively easy to design the optical properties 
of a multilayer coating to meet a particular specification it is more difficult to design its mechanical 
response. In part this is due to a lack of reliable mechanical property data for design, chief of which 
is the elastic modulus of each coating layer in the multilayer stack. Indentation tests can be used to 
determine the elastic and plastic properties of relatively thick (>1m) coatings but, whereas it is 
possible to measure the plastic response of submicron coatings provided the indenter penetration is 
less than 10% of the coating thickness this is not the case for elastic properties where a much lower 
penetration is required. In this study the use of nanoindentation testing in conjunction with a simple 
modelling approach to determine suitable elastic properties of individual oxide layers in a multilayer 
coating stack is assessed. It is demonstrated that the ISO14577 extrapolation approach 
underestimates the contact moduli for 200nm thick coatings but a multilayer model can be used to 
determine more realistic properties. Variations in elastic properties of the glass substrate in the 
near-surface region need to be taken into consideration to get good data from the model. 
1. Introduction 
Multilayer oxide coatings are used in a wide range of optical applications such as anti-reflection [1] 
and solar control coatings [2]. For instance in a typical solar control coating the active 10nm thick 
silver layer is surrounded by antireflection coatings such as zinc oxide or tin oxide. These layers are 
also surrounded by barrier layers such as TiOxNy to prepare the glass substrate for the coatings and 
protect the coating surface from mechanical or chemical damage. All of these oxide coatings are 
around 10nm thick and have been selected for their optical performance. 
In service the main damage modes may depend on mechanical contact of the coating which can 
arise during handling of the coated glass, assembly into devices or in subsequent service [3]. 
Mechanical design is often secondary to optical design because it does not usually affect the primary 
function of the device. For good mechanical design the elastic properties of the coatings in the 
optical stack are often required but these are very difficult to measure in the thin coatings which are 
required for optical designs. In this study the possibility of using indentation measurements made on 
relatively thick coatings in conjunction with a simple modelling approach [4] to assess the validity of 
the properties for designs with thinner coatings is investigated. 
Nanoindentation has been used to measure the elastic and plastic properties of thin coatings (~1m) 
for some time now and methods to extract the properties of the coating from data for the 
coating/substrate system have been developed for single layer coatings [e.g. 5, 6]. This is most 
developed for plastic properties such as hardness where it is often assumed that if the indenter 
penetration is less than 10% of the coating thickness the hardness of the coating may be measured 
independent of the substrate. For elastic properties the required indenter penetration to measure 
the elastic response of the coating is much smaller, typically less than 1% of the coating thickness 
and this is almost impossible to achieve for most coatings. To deal with this issue the ISO14577 Part 
4 standard [7] recommends extrapolating the variation of hardness or elastic modulus to zero depth 
to get a value for the properties of the coating. This method works reasonably well for coatings on a 
stiff substrate but gives considerable errors when the substrate is much more compliant than the 
coating [4]. 
For multilayer coatings measurements made on cross sections may be used to determine individual 
layer properties [8]. However, for anisotropic materials the properties measured from the cross 
section may be very different from those measured normal to the surface due to the effects of 
texture and grain size/shape [9]. Furthermore, as coatings become thinner the difficulty of confining 
stresses in an individual layer means that composite behaviour is often measured. Thus modelling 
the properties of the coating substrate system to extract the properties of an individual coating layer 
is the most useful approach. 
Whereas there are a number of approaches that have been used to model the plastic properties of a 
multilayer coating during indentation [e.g. 4, 6] the modelling of the elastic response is less well 
developed [e.g. 10]. In this study a simple analytic model for the contact modulus of a 
coating/substrate system has been extended to multilayer coatings and the results used to 
determine reliable elasticity data for oxide coatings on glass that may be used in the design of solar 
control coatings. 
2.  Experimental  
2.1 Coatings investigated 
Oxide coatings which are the most significant layers in multilayer solar control coatings for 
architectural glass were deposited onto the air side of 4.2mm thick float glass samples using typical 
commercial process parameters at the Pilkington Research Centre in Lathom, UK. To ensure that the 
properties of the coatings were typical each coating was deposited onto the same underlying 
structure made by depositing the lower layers in the multilayer with the same thickness and process 
parameters as in a commercial solar control coating design. The top layer was deposited to the same 
thickness as in the solar control coating but also to a thickness of 200nm to enable indentation 
measurement. Layer materials and thicknesses are summarised in Table 1.  
The coatings were produced by reactive sputtering from metallic targets using an oxygen backfill to 
generate stoichiometric coatings. Large glass sheets (20cm by 30cm) were coated in a linear vacuum 
chamber where they were moved past fixed magnetrons at a constant rate. Each coating was 
produced by a different magnetron cathode in the same coating chamber. Samples were then cut 
into 10cm by 10cm squares for indentation analysis. In these coatings a 10nm silver film is the active 
solar control layer but this is protected from oxidation during deposition of subsequent oxide layers 
by a 5nm zirconium overlayer; neither silver nor zirconium could be deposited to 200nm thickness 
without significant oxidation on removal from the vacuum chamber. For this reason handbook 
values for elastic properties of these layers have been used in the modelling undertaken in this study 
[11]. 
The thickness of the individual layers was controlled by the magnetron power and translation speed 
and was confirmed by ellipsometry. 
Table 1: Layer structure and thickness of the coatings deposited 
Sample TiOxNy 
underlayer 
ZnO Ag Zr SnO2 TiOxNy top 
layer 
3803 200nm      
3807 20nm      
3806 20nm 200nm     
3808 20nm 10nm     
3811 20nm 10nm 10nm 5nm 200nm  
3810 20nm 10nm 10nm 5nm 40nm  
3814 20nm 10nm 10nm 5nm 40nm 200nm 
3813 20nm 10nm 10nm 5nm 40nm 30nm 
 
2.2 Nanoindentation testing 
Nanoindentation testing of the coated samples was carried out using a Hysitron Triboindenter fitted 
with a new Berkovich tip (tip end radius 150nm) and compared to data obtained from float glass 
using an older used Berkovich tip with a larger tip end radius (~200nm). Measurements were made 
at a range of peak contact loads from 1mN to 100N starting from the highest loads and finishing 
with the lowest to ensure that the machine noise and thermal drift was minimised for the most 
sensitive measurements. Prior to testing the tip end shape and machine compliance was carefully 
calibrated using the method of Oliver and Pharr [12]. Hardness and contact modulus were 
determined from the load displacement curves using the Oliver and Pharr approach. The elastic 
properties of the thick coatings were determined using the ISO14577 extrapolation method [7] and 
compared to fitted values determined from the model of Bull for a single layer coating [4]. The fitted 
values were then optimised by using a full multilayer analysis described in the next section.  
2.3 Simple model for the contact modulus of a multilayer coating 
The model of Bull [4] is based on a truncated cone of load support beneath the indenter and the 
displacements in any coating layers can be calculated if their thickness and elastic properties are 
known. If we assume a totally rigid indenter then the indenter displacement, , is given by the sum 
of all the displacements in the individual layers beneath the indenter. For a simple coating on a 
substrate it can be shown that the indenter displacement in the coating is given by 
𝛿𝑐 =
𝑃
𝜋𝐸𝑐
[
1
𝑎0𝑡𝑎𝑛𝛼
−
1
𝑎0𝑡𝑎𝑛𝛼+𝑡𝑐𝑡𝑎𝑛2𝛼
]        (1) 
where a0 is the contact radius, tc is the coating thickness and  is the cone angle. For the substrate 
we have 
𝛿𝑠 =
𝑃
𝜋𝐸𝑠
[
1
𝑎0𝑡𝑎𝑛𝛼+𝑡𝑐𝑡𝑎𝑛2𝛼
−
1
𝑎0𝑡𝑎𝑛𝛼+(𝑡𝑐+𝑡𝑠)𝑡𝑎𝑛2𝛼
]       (2) 
where Es is the Young’s Modulus of the substrate and ts the substrate thickness. The total indenter 
displacement is then 
𝛿 = 𝛿𝑐 + 𝛿𝑠           (3) 
Both the displacements in the coating and substrate are a linear function of contact load and thus 
the unloading stiffness S=P/Given that for a flat punch S=2Ea [13] it is possible to calculate the 
effective Young’s Modulus of the coating/substrate system 
𝐸 =
𝑃
2𝑎0(𝛿𝑐+𝛿𝑠)
           (4) 
For a deformable indenter E must be replaced by E*, the contact modulus, given by 
1
𝐸∗
=
1−𝜈1
2
𝐸1
+
1−𝜈2
2
𝐸2
           (5) 
where the subscripts 1 and 2 refer to the properties of the sample and indenter respectively and  is 
Poisson’s ratio and E is Young’s Modulus. For a coated system, Ec and Es are the contact moduli of 
coating and substrate respectively. The contact radius can be related to the contact depth, hc, 
determined by the Oliver and Pharr method [12], if the indenter geometry is known. For a Berkovich 
indenter,  
ℎ𝑐 = √(𝜋/𝑘) 𝑎0          (6) 
where k=24.5. This assumes a perfect tip which is reasonable at larger contact areas corresponding 
to higher load tests. When comparing with experimental data it should be recognised that the 
experimental contact depth will have been used to determine a contact area through a measured tip 
area function – thus for a given contact depth there could be a range of contact moduli depending 
on the area function; usually lower values are measured for a blunter tip. To avoid this problem the 
contact radius can be determined from the contact area, A, determined from the contact depth 
using the tip area function, via 
𝑎0 = √𝐴/𝜋            (7) 
Or more conveniently from the load and measured hardness 
𝑎0 = √
𝑃
𝜋𝐻
           (8) 
Since the indentation of a bulk material is almost identical to that of a coating with large thickness 
equation (1) can be applied to a bulk material of known elastic properties to determine the 
truncated cone angle . If we assume that the material thickness is very much greater than the 
contact radius the second term in the brackets in equation (1) goes to zero and 
𝛿 =
𝑃
𝐸𝜋𝑎0𝑡𝑎𝑛𝛼
           (9) 
The unloading stiffness is P/ and using the Sneddon approximation [13] 
𝑆 =  𝐸𝜋𝑎0𝑡𝑎𝑛𝛼 = 2𝐸𝑎0         (10) 
Thus tan=2/ and =32.48o. This angle is independent of the choice of material and the properties 
of coating or substrate. Combining equations (1), (2) and (4) with this expression for tan it can 
easily be shown that: 
𝐸 =
1
1
𝐸𝑐
[1−
𝜋𝑎0
𝜋𝑎0+2𝑡𝑐
]+
1
𝐸𝑠
[
𝜋𝑎0
𝜋𝑎0+2𝑡𝑐
−
𝜋𝑎0
𝜋𝑎0+2(𝑡𝑐+𝑡𝑠)
]
       (11) 
From this formulation it is clear that as a0 tends to zero the value of E tends to Ec and that if a0 is very 
much greater than tc and ts is much greater than a0 then E tends to Es as might be expected. 
Equations (1)-(4) can easily be modified for a coating with two or more layers. In the case of a layer 
on an intermediate layer on the substrate equation (1) remains valid for the coating contribution 
but, for an interlayer of thickness ti and modulus Ei, equation (2) becomes 
𝛿𝑖 =
𝑃
𝜋𝐸𝑖
[
1
𝑎0𝑡𝑎𝑛𝛼+𝑡𝑐𝑡𝑎𝑛2𝛼
−
1
𝑎0𝑡𝑎𝑛𝛼+(𝑡𝑐+𝑡𝑖)𝑡𝑎𝑛2𝛼
]       (12) 
And for the substrate 
𝛿𝑠 =
𝑃
𝜋𝐸𝑠
[
1
𝑎0𝑡𝑎𝑛𝛼+(𝑡𝑐+𝑡𝑖)𝑡𝑎𝑛2𝛼
−
1
𝑎0𝑡𝑎𝑛𝛼+(𝑡𝑐+𝑡𝑖+𝑡𝑠)𝑡𝑎𝑛2𝛼
]      (13) 
In equations (3) and (4) c+s is replaced by c+i+s. Thus 
𝐸 =
1
1
𝐸𝑐
[1−
𝜋𝑎0
𝜋𝑎0+2𝑡𝑐
]+
1
𝐸𝑖
[
𝜋𝑎0
𝜋𝑎0+2𝑡𝑐
−
𝜋𝑎0
𝜋𝑎0+2(𝑡𝑐+𝑡𝑖)
]+
1
𝐸𝑠
[
𝜋𝑎0
𝜋𝑎0+2(𝑡𝑐+𝑡𝑖)
−
𝜋𝑎0
𝜋𝑎0+2(𝑡𝑐+𝑡𝑖+𝑡𝑠)
]
  (14) 
The denominator of this equation is the sum of the reciprocals of the elastic moduli of each 
individual layer multiplied by a geometric factor which depends on the contact radius and individual 
coating and substrate thicknesses. In fact the thickness contributions in each term represent the 
distance of the top and bottom of the individual layer from the sample surface. This approach can 
easily be generalised to a multilayer coating with more than two layers. 
3. Results and discussion 
3.1 Measurements on uncoated float glass 
Figure 1 shows measurements of the contact modulus as a function of contact scale for fused silica 
and the two sides of float glass. As expected the fused silica does not show a variation with contact 
depth since the tip calibration is good down to contact depths of less than 25nm. However, for both 
sides of float glass the contact modulus increases as the contact scale is reduced. In this study the tin 
side shows a greater modulus than the air side in contrast to what was observed previously by Derby 
et al [14] but in agreement with the increased stiffness of tin doped glass reported by Krohn et al 
[15].  
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Figure 1: Variation of contact modulus with contact depth for fused silica and the two sides of float 
glass. 
 
To get good data for the coatings this variation in contact modulus needs to be taken into 
consideration in any modelling. The data for the air side has been investigated further since all 
coatings were deposited on the air side in this study. There are a number of ways of modelling the 
experimental data to produce a curve with a reasonable fit to the experimental data including a 
single surface layer of 1m thickness and contact modulus of 81GPa on a glass substrate with 
contact modulus of 73GPa (the contact modulus of the glass determined from bending tests), a 
200nm layer with contact modulus of 85GPa on a 200nm layer with contact modulus of 81GPa on a 
73GPa glass substrate and a graded coating with contact moduli reducing from 90GPa to 80GPa at 
1GPa/50nm on the base glass (Figure 2). In all cases the stiffer layer has substantial thickness. For 
the purposes of modelling the coated system a 1m layer with contact modulus 81GPa on a glass 
substrate with contact modulus 73GPa was adopted as being most reliable – the rapid increase in 
measured modulus at low penetration is probably due to incomplete plasticity at the elastic-plastic 
transition leading to inaccuracies in the contact areas and hence elastic properties derived by the 
Oliver and Pharr method [12] used in this study. However, the increase in stiffness in the surface 
region may also be a result of different microstructure caused by a combination of more rapid 
surface cooling and leaching of glass modifiers during glass manufacture. 
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Figure 2: Modelled variation of contact modulus with contact depth compared with experimental 
data for the air side of float glass. A 1m single layer of E=83GPa on a glass substrate (E=73GPa) is 
compared with a bilayer coating 200nm E=85GPa on 1m E=81GPa on glass and a multilayer coating 
where the modulus is graded from 90GPa to 80GPa in 200nm layers. 
3.2 Thick vs thin coatings 
Figures 3a and b show a comparison of the different oxide top coat materials at 200nm thickness 
(thick) and optical design thickness (thin). Data for the uncoated air side of float glass is included for 
comparison. There is a distinct increase in the measured moduli due to the presence of the coating 
for both the thicker and thinner layers though the glass substrate dominates measurements for the 
thinner layers. At contact depths less than 70nm there is a rapid increase in contact modulus and the 
coated and uncoated results converge. This confirms that the data in this region is controlled by the 
elastic-plastic transition and is not very reliable for use in assessment of coating properties unless 
care is taken to ensure that the transition to plasticity has occurred. Between 70 and 200nm contact 
depth the enhanced stiffness of the coatings increases the measured contact modulus over that of 
the uncoated sample but above 200nm the coated and uncoated data converge as the substrate 
dominates the measured data. 
For the thin coatings (Figure 3a) there is a minimum in the measured contact modulus at 70nm 
contact depth and a maximum at 130nm. This is observed for all the coatings tested here but not in 
the original float glass measurement. The variation is the same for all coatings and is most likely due 
to inaccuracies in the tip area function used in the property calculations. The float glass was tested 
with a used tip and shows the expected behaviour when the tip calibration is good and the low load 
data is affected by the elastic-plastic transition. The coatings were tested with a different brand new 
tip which was much sharper and was able to generate plastic deformation and lower loads (and 
hence contact depths). This tip was calibrated according to the method of Oliver and Pharr [12] 
immediately before the tests were carried out but the calibration is not a perfect description of the 
tip profile. This minimum and maximum behaviour (with a less than 5% variation) is associated with 
a truncated tip where there is a sharp transition from the flattened end to the sloping sides of the 
indenter. The Oliver and Pharr tip area function is designed to fit smoothly varying tip profiles and, 
when there is a discontinuity, will not match the tip profile exactly after the fitting process. In fact in 
the transition region the fit will generally underestimate the contact area resulting in an 
overestimate of the contact modulus, hence the maximum observed for the coatings in Figure 3a. 
Once the tip has been used for some time the edges of the truncated region become rounded and 
the Oliver and Pharr tip area function is a good description of the tip shape. 
Figure 4 shows the ISO14577 extrapolated values for the contact moduli of the coatings determined 
for the 200nm layers. Only data obtained from indentations where there was a significant plastic 
work of indentation (i.e. the loading and unloading curves were not coincident) and a well-defined 
impression was observed in post facto AFM by the tip which made the test were used in the 
extrapolation. This ensures that sufficient plasticity had occurred to make the extrapolations valid. 
The values are within the range of what has been measured previously [e.g. 16-18]. The properties 
of the two different TiOxNy layers are different despite being deposited using the same process 
parameters. This highlights the importance of the layer onto which a coating is deposited; the 
structure of this underlayer can affect the nucleation and growth of the coating subsequently 
deposited and therefore its microstructure and properties. 
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Figure 3: Variation of experimentally measured contact modulus with contact depth for a range of 
coated samples compared to data obtained from the uncoated air side of float glass. (a) thin 
coatings and (b) 200nm thick coatings. 
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Figure 4: ISO14577-Part 4 extrapolations to determine the contact modulus of the 200nm thick oxide 
coatings in this study. 
 
3.3 Modelling 
3.3.1 Does the ISO14577 extrapolation produce good coating data? 
Contact modulus data for the 200nm ZnO coating has been modelled in a number of different ways 
to compare with experimental data in Figure 5. The bilayer and multilayer fitting was done using 
equations (11) and (14) using the measured contact modulus and depth data as input and the 
individual layer moduli as fit parameters. In the case of the single layer model the ISO14577 
extrapolated contact modulus, E=119GPa, has been used and the substrate contact modulus has 
been set to 81GPa. The modelled curve fits the experimental data above 100nm contact depth but 
underestimates it at lower depths. The bilayer model attempts to include a better description of the 
substrate properties by treating the substrate as a 1m 81GPa layer on top of a 73GPa substrate. 
With a 200nm ZnO (E=119GPa) top layer the predicted variation of  contact modulus with contact 
depth is almost identical to the single layer model but gives slightly better agreement with 
experimental data in the 50-70nm contact depth range. To get the best fit across the complete range 
of data a multilayer model was constructed consisting of 200nm ZnO (E=140GPa) on 20nm TiOxNy  
(E=105GPa) on a glass substrate modelled as two layers (1m E=81GPa on a 73GPa substrate). The 
fit is good at low and high contact depth but overestimates the contact modulus in the 70-200nm 
contact depth range where the experimental data is most reliable. Given the errors in the 
experimental data it is not possible to reliably separate the behaviour of the different models. 
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Figure 5: Variation of contact modulus with contact depth for 200nm ZnO on 20nm TiOxNy on the air 
side of float glass. The behaviour has been modelled as a single layer coating, a bilayer coating 
where the substrate is considered as a 1m 81GPa contact modulus layer on a 73GPa foundation 
and as the full multilayer with the same structure as the bilayer but including a 20nm TiOxNy layer 
underneath the ZnO.  
 
3.3.2 Optimised fitting parameters for thin and thick coatings 
Given that the substrate behaviour is well described by a two layer model the multilayer models can 
be optimised to give the best fit to experimental data in the 70-200nm contact depth range to 
determine coating properties. This has been done by starting at the layer closest to the glass and 
then using the optimised coating properties for the underlayers of the subsequent coatings. Results 
of the fitting are shown in Figure 6 for the 200nm thick coatings. The optimised and ISO14577 
extrapolated values for coating properties are compared in Table 2. Very good fits are produced in 
all cases. The fitted values for the contact modulus are usually greater than the ISO 14577 
extrapolations. 
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Figure 6: Optimised fits for contact modulus as a function of contact depth for thick (200nm) 
coatings on correct underlayers with solar control coating thickness on the air side of float glass. (a) 
TiOxNy underlayer, (b) ZnO, (c) SnO2 and (d) TiOxNy top layer. 
 
The fitting data in Table 2 was then used to predict the contact modulus versus contact depth 
behaviour for the thinner coatings with the same thickness as in solar control coatings and the 
comparison with experimental data is shown in Figure 7. The fit to the data for the TiOxNy 
underlayer is relatively poor in the greater than 100nm contact depth range and the measured 
contact modulus is underestimated. However, the modulus of this layer is low compared to that of 
the top TiOxNy for the thicker coatings and this suggests that the 200nm TiOxNy underlayer was not 
as dense as expected. For the other coatings the predictions diverge at the lowest contact depths 
where the model overestimates the measured data. Again this could be due to lower density 
coatings when deposited to thicknesses of 10s of nanometres. 
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Figure 7: Predicted variation of contact modulus as a function of contact depth for thin multilayer 
coatings with solar control coating thickness on the air side of float glass. The multilayer stack stops 
at (a) TiOxNy underlayer, (b) ZnO, (c) SnO2 and (d) TiOxNy top layer. 
 
 
 
 
 
Table 2: Comparison of contact moduli of coatings from the ISO14577 extrapolation method and 
from optimisation using the simple model outlined in this study 
Coating Material ISO 14577 Part 4 contact 
modulus from extrapolation 
(GPa) 
Contact modulus from model 
optimisation (GPa) 
TiOxNy underlayer 100 105 
ZnO 119 140 
SnO2 125 145 
TiOxNy top layer 128 136 
 
A low value of contact modulus is often observed when using the extrapolation method if the 
coating thickness is low since the substrate properties will dominate the measured data [19, 20]. For 
practical purposes the oxide coating thickness should be at least 400nm if coatings on glass are to be 
assessed by the extrapolation method. Another area of concern is the radius of the tip used in the 
measurement [21]. The tip radius should be less than 10% of the coating thickness if the measured 
contact modulus is to be unaffected by tip rounding. This is not achieved in this study and the 
increase in measured contact modulus at low contact depth is thus likely to be an artefact of tip end 
shape. 
 
4. Conclusions 
The elastic properties of thin oxide coatings on glass have been assessed by a combination of careful 
nanoindentation testing and modelling. The contact modulus depends on the structure of the 
coatings which in turn depend on the underlying layer structure in a multilayer coating. The 
properties of the substrate need to be understood if the properties of the coating are to be 
determined accurately; in this study the air side of float glass shows a surface layer which is stiffer 
than the bulk and influences nanoindentation measurements. When thin oxide coatings on glass are 
tested the ISO14577 extrapolation method will underestimate the contact modulus of glass and a 
coating thickness of 400nm or greater is needed to get reliable data using this method. A simple 
model for contact modulus as a function of contact depth has been extended to analyse multilayer 
coatings and an optimisation approach used to establish reasonable elastic property values for the 
coatings in a multilayer stack. 
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